ABSTRACT
Introduction
The recent advent of more effective chemotherapy and the development of surgical procedures have expanded the pool of resectable patients with colorectal liver metastases (CLM). The treatment of patients with multiple bilobar nodules is particularly complex because a large amount of parenchyma often must be sacrificed, which leads to the risk of postoperative liver failure [1] . To prevent this risk, in 2000, two-stage hepatectomy (TSH) was proposed [2] . TSH is now a standardized procedure adopted worldwide with good shortand long-term results [1, [3] [4] [5] [6] [7] [8] [9] [10] : its major drawback is the dropout risk as a result of disease progression between the two stages [11] [12] .
To overcome this dropout risk, some alternatives have been advanced, e.g., associating liver partition and portal vein ligation for staged hepatectomy (ALPPS) [13, 14] and ultrasound-guided enhanced one-stage hepatectomy (e-OSH) [15] . ALPPS reduces the number of dropouts but is still associated with elevated postoperative mortality. Ultrasound-guided e-OSH is a parenchyma-sparing approach even for deep-located lesions, but it involves a level of complexity that many surgical teams consider unsuitable, even in specialized centers. These approaches are discussed in this article.
Two-Stage Hepatectomy

Indications and Methods
Indications are: 1. Bilobar CLM 2. Largest CLM >30 mm and/or >3 CLM in the future remnant liver (FRL) and FRL >30% of the total liver volume.
This strategy aims to achieve liver tumor clearance sequentially: Stage 1: Clearance of tumor from the less invaded liver (usually the left), and portal vein ligation (PVL) combined with portal vein embolization (PVE) using dehydrated ethanol to induce FRL hypertrophy [1, 2, 12] (fig. 1 ). Stage 2: Lobectomy or extended lobectomy once the FRL is considered to be large enough (FRL >30% and/or FRL/total body weight ratio >0.5%).
If the primary tumor is synchronously presented, its resection is performed at the same time as the first-stage hepatectomy; otherwise it is resected after the second-stage hepatectomy. A recent review reported that simultaneous resection of the primary tumor was performed at first-stage hepatectomy in a median of 30% of patients [3] . Previous studies have reported that simultaneous resection of the primary tumor at first-stage hepatectomy did not affect the postoperative course [16, 17] and allowed optimization of chemotherapy administration [16] . From this perspective, optimal first-line chemotherapy should be a short course to minimize dropout and liver injury [12] .
Interval chemotherapy is generally recommended 3 weeks after first-stage hepatectomy using the same regimen as that used preoperatively or, in some centers, chemotherapy is adopted selectively in cases with disease progression between stages [6] . However, in two studies, interval chemotherapy failed to reduce the dropout rate [11, 12] . Consequently, its effectiveness deserves to be further investigated. Similarly, despite initial positive experiences [1] , the role of postoperative chemotherapy is not universally accepted as beneficial.
Results
Ninety-day mortality rates were 0.8% and 2.5% after first-stage and second-stage hepatectomy, respectively (p=0.97), and postoperative complication rates (Clavien ≥ III [18] ) were 14% and 33%, respectively (p=0.0015) [12] . Previously reported 5-year overall survival (OS) rates after completion of TSH ranged from 32% to 64%, with median survival times of 24-44 months [1, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] 19, 20] . Preoperative chemotherapy cycles ≥6 [10] , tumor number ≥6 [1] , the presence of concomitant extrahepatic disease [1] , and no postoperative chemotherapy [1] were reported to be independent prognostic factors of poor survival after completion of TSH. However, the main drawback of TSH is patient dropout, which mainly results from disease progression between the two stages (56-100%, median, 100%) [3] .
The most recent data at Paul Brousse Hospital (PBH) indicate a failure rate of 35% [12] and an OS for patients who failed TSH significantly lower than that for those who completed TSH (1-, 3-, 5-year OS rates: 66%, 14% and 0% vs. 95%, 69%, and 44%, p<0.0001) [12] .
Some independent predictive factors of dropout have been proposed: CLM number in the FRL ≥3 [19] , age ≥70 years [19] , combined resection of primary tumor [20] , and disease progression during chemotherapy [10] . Recently, a predictive score was proposed that includes preoperative carcinoembryonic antigen >30 ng/ml, tumor size >40 mm, preoperative chemotherapy cycles >12, and disease progression during first-line chemotherapy [12] . Patients presenting with none of these factors had a probability of TSH failure of 10.5%, and the addi- tion of each subsequent factor increased the risk to 43%, 73%, 88%, and 95%. This model may contribute to a better selection of patients who are suitable for TSH.
ALPPS
ALPPS is a short-term TSH that induces an unparalleled increase in FRL volume [21] . It has the following advantages:
• Unparalleled rapid liver hypertrophy [13, 14, 22] : FRL of just one segment [23] • Rescue from PVE or PVL failure [24] • Shortening of the interval between the two stages, thereby minimizing the dropout risk and adhesion formation [14, [21] [22] [23] 25, 26] .
• Maximizing the rate of R0 resections to approaching 100% [22, 27] .
Indications and Technical Pointers
Indications can be summarized as follows [25] Patients younger than 60 years with CLM [22, 26] benefit most from this approach.
The strategy aims to achieve liver tumor clearance sequentially but is faster overall than TSH: Stage 1: Clearance of the FRL is performed together with PVL and liver parenchyma division Stage 2: Lobectomy or extended lobectomy is performed when the FRL is considered to be large enough (about 10 days after stage 1) [25] .
Results
Preliminary experiences with ALPPS were associated with high morbidity and mortality rates [13, 28] . However, when analyzing the most recent data that compares the results of TSH from the largest published series versus those of ALPPS in the worldwide registry and in the largest single center experiences, it becomes evident that there is not really a difference between these two approaches in terms of major morbidity, liver failure, or mortality rates [29] . Recent data from the ALPPS worldwide registry showed a major morbidity rate of 36% and a mortality rate of 7.5% [22] . In contrast, major morbidity rates of 59% and 40%, liver failure rates of 22%, and mortality rates of 10% and 3% were published for TSH in a PBH series and in a systematic review of TSH, respectively [1, 29] .
Age, the presence of biliary tumors, operative times more than 5 h during stage 1, and the administration of red blood cell transfusions during either stage have been identified as significant risk factors for severe complications and 90-day mortality. In addition, recent data from the ALPPS registry indicated that patients who develop post-hepatectomy liver failure after stage 1 or have a Model for End-stage Liver Disease score ≥10 before stage 2 are at higher risk, with adjusted odds of 90-day mortality of 3.9 [confidence interval (CI) 1.4-10.9] and 4.9 (CI 1.9-12.7), respectively. In a recently published single series, only total liver partition was associated with an increased risk of morbidity under both univariate and multivariate analysis. Interestingly, partial parenchymal transection has been associated with lower morbidity and equal hypertrophic results [25] .
In terms of oncological outcomes, because this is a new procedure, only short-term follow up data are available for analysis. The OS at 1 and 2 years was 59% and 41%, and the diseasefree survival at 1 and 2 years was 88% and 74%, respectively, from the ALPPS registry. These findings compare favorably with those provided in the few existing international series of TSH, in which patients who did not reach the second stage were excluded from the survival analysis in most cases [1, 4, 22, 29, 30] . When comparing resectability between ALPPS and TSH, even though no randomized studies have been performed, there seems to be evidence in favor of ALPPS. A multicenter study compared the rate of complete resection between ALPPS and TSH in patients with oncologically unfavorable factors. This study showed that the rate of complete resection in ALPPS was greater than that in TSH, with 83% in ALPPS vs 63% in TSH (p<0.001) [27] . Moreover, the resectability rate published in the ALPPS registry was 98% [22] , whereas that published for TSH in a systematic review was 76% [29] .
One-Stage Hepatectomy
An alternative approach for multiple bilobar CLM is OSH, i.e., the resection is carried out in a single procedure for all nodules. OSH is commonly adopted for superficial lesions (cherrypicking surgery) or, less commonly, for more complex procedures such as right hepatectomy and left liver parenchymal-sparing tumor clearance after PVE [31] . Torzilli et al. extended the parenchymal sparing approach to deep-located CLM (including those in contact with major intrahepatic vessels) and introduced the concept of e-OSH [15, 32] , thereby limiting the use of PVE to exceptional conditions [33] (fig. 2 ).
Indications and Technical Pointers
e-OSH relies on: 1. The use of intraoperative ultrasonography (IOUS) to guide resection [34] 2. The detachment of CLM from intrahepatic vascular structures [35, 36] . The equivalence between CLM-vessel detachment R1 vascular margin (R1Vasc) and R0 surgery has been recently demonstrated [37] . Portal pedicles are resected only if infiltrated or if upstream biliary dilatation is evident. Hepatic veins (HV) are spared or are tangentially resected and reconstructed (direct suture or patch), except in patients with thrombosis or CLM surrounding >2/3 of the HV circumference 3. An accurate flow analysis identifying communicating veins among HVs to spare parenchyma even after HV section [38] .
Results
These e-OSH techniques minimize the need for major hepatectomies and two-stage resections. In the Humanitas Research Hospital, as of June 2015, among 164 patients with illlocated multiple bilobar CLM, only 9 needed to undergo TSH. As recently reported, among the other 155 patients who underwent e-OSH for a median of 7 (range, 4-49) CLM removed per patient, 63 (41%) had more than 10 CLM. All patients had at least one contact between a CLM and a major intrahepatic vessel (first/second-order Glissonian pedicles and/or HV at the caval confluence), and 55 (35%) patients had contact bilaterally: mortality and major morbidity was 1.2% and 7%, respectively, with a 5-year OS of 32% [32] . The nine patients who underwent TSH had CLM surrounding 360° of the first/second-order Glissonian bifurcation (providing no room for any partial sparing of the right liver) and would have had an inadequate FRL.
Recently, a case-matched analysis was carried out of patients with similar tumor burdens (≥6 CLM, at least one major vascular contact, and more than three CLM larger than 3 cm in the less involved hemiliver) that compared the outcomes of patients who underwent e-OSH at the Humanitas Research Hospital and TSH at the PBH. Compared with those undergoing TSH, patients undergoing e-OSH had lower blood loss (500 vs. 1100 ml, p=0.009), lower severe morbidity (14% vs. 36%, p=0.04), and lower liver-specific morbidity (23% vs. 41%, p=0.02). The R0 resection rate was similar (17% vs. 11%, TSH dropout 41%). e-OSH and completed TSH had similar OS rates. Regarding recurrence sites and recurrence-free survival, a recent report indicated that they were similar for e-OSH and TSH [39] , calling into question the supposed higher risk of recurrence in the remnant liver after parenchymasparing surgery compared to that in major hepatectomies.
In a recent report analyzing a prospective cohort of 226 patients undergoing liver resection for CLM (627 resection areas), local recurrence risk was similar between the R0 and R1Vasc groups (per-patient analysis 5.3% vs. 4.3%; per-resection area analysis 1.5% vs. 3.9%), but increased in the R1 parenchyma (R1Par) group (19.6% and 13.6%, p<0.05), independent of chemotherapy [37] . R1Par was an independent negative prognostic factor of survival (p=0.034); conversely R1Vasc versus R0 had no significant differences in OS. Therefore, R1Vasc achieves local disease control equivalent to R0 with equivalent survival. Consequently, CLM detachment from intrahepatic vessels is a suitable approach from the oncological standpoint; this evidence legitimizes the use of e-OSH for patients with profiles that probably overlap with those undergoing TSH or ALPPS.
Liver-First Approach
The aforementioned approaches are often offered to patients with synchronous bowel disease that responded to systemic therapy, which means that the primaries are generally asymptomatic and at low risk of causing occlusion. The priority, from a prognostic standpoint, is to address the liver involvement. A liver-first approach [40] is generally preferred in the case of OSH, whereas synchronous resection of the primary and tumor clearance of the less involved liver is often selected in staged procedures.
Mentha et al. introduced the liver-first policy in a pilot study with few patients who underwent a variety of chemotherapy treatments [40, 41] . More recently, we carried out a retrospective analysis of 49 patients treated in Geneva, all of whom underwent oxaliplatin-based chemotherapy (and some also received bevacizumab). The results obtained were satisfactory in terms of OS: after a median follow-up of 33 months, 3-and 5-year OS were 64% and 55%, respectively, with a median progression-free survival of 14 months. Mortality was zero and major morbidity occurred in 6% of patients. The primary tumors could be resected in all patients. Colorectal recurrences have been observed in five patients so far, all with rectal tumors. These results emphasize the efficacy, safety, and tolerance of this strategy and have relevance for those patients indicated as suitable for e-OSH, TSH, or ALPPS.
Conclusions
In the absence of a definite consensus, the ranges of indications for TSH, ALPPS, and e-OSH vary among different institutions. Debating and comparing patient profiles and results is the only way a consensus on specific indications can be achieved. However, it may generally be accepted that, whenever feasible, e-OSH should, theoretically at least, be the preferred approach because it entails a single surgical session with no dropout and avoids the increased risk of double (or triple in case of PVE) interventions.
Approaching even deep-located CLM conservatively by applying the concept of R1vasc resection (now supported by a consistent oncological background [37] ) should reinforce the role played by e-OSH for such patients, thereby limiting the need for staged procedures.
However, e-OSH may not always be feasible, in which case staged procedures play their part. Certainly, for TSH, the heterogeneity of results in terms of dropouts is a concern, as the safety and oncological suitability are for ALPPS. Both TSH and ALPPS suffer from the lack of established indications, resulting in a wide variety of different liver involvement in those undergoing the procedures. Additionally, ALPPS has a relatively short history.
Suitable predictive scores may help improve patient selection for TSH [12] , thereby reducing the risk of dropout. ALPPS is still very new; oncological outcomes remain uncertain and mortality is still high. However, rapid progress along the learning curve (with recent reports of series with no mortalities), the introduction of some adjustments (e.g., partial ALPPS [25] ), and the perspectives opened by monosegmental ALPPS [23] presage an interesting future for this technique.
TSH and ALPPS could become complementary approaches to the treatment of CLM, with ALPPS reserved for scenarios with a very small FRL or as rescue of failed PVE. In contrast, the application of e-OSH depends essentially on the diffusion of a policy, in that it requires not only technical skill in IOUS-guided surgery but also the assimilation of surgical techniques considered controversial by many surgeons, mostly in western countries, such as the thoraco-abdominal approach [42] .
The liver-first approach, i.e., prioritizing the prognostic impact in stage IV colorectal cancer of the metastatic involvement of the liver, represents a chance to achieve complete tumor clearance and can be accomplished by either single-session or staged operations. In particular for the e-OSH, it is an almost obliged policy, being too risky the association of a complex liver resections with the colorectal surgery. Therefore, e-OSH becomes, in effect, a staged surgery when synchronous disease exists. On the other hand, in staged procedures, FRL tumor clearance at the first stage is frequently associated with removal of the primary tumor [3] , limiting de facto the need for a liver-first approach. The difference between a "staged" e-OSH and staged operations with associated primary tumor removal at the first stage of a two-stage procedure could be that, because the liver is the organ that in most cases determines surgical feasibility, dropout is less frequent in single-stage liver clearance compared with that in two-stage procedures.
A final remark should be made concerning liver transplantation, which is progressively being carried out in CLM patients [43] : this approach could, for selected patients, obviate the need for the complex procedures herein discussed.
This review article gives an update on the different and sometimes competing approaches to the treatment of advanced CLM; it does not pretend to offer a comprehensive statement, which would in any case be premature at this stage. However, we have provided a complete overview that profits from contributions reflecting the diverse clinical practices of the authors. We are confident that this article will give the reader an insight into this complex and still unresolved issue.
